Accepted by ApJ 

Preprint typeset using I£T^X style cmulateapj v. 10/09/06 



OS 

o 
o 

(N 



in 
< 

o 

6 

o3 



GAS INFALL TOWARDS SGR A* FROM THE CLUMPY CIRCUMNUCLEAR DISK 
Maria Montero-Castano 1,2 ' 3 , Robeson M. Herrnstein 4 and Paul T.P. Ho 1,3 

Accepted by ApJ 

ABSTRACT 

We present the first large-scale mosaic performed with the Submillimctcr Array (SMA 5 ) in the 
Galactic center. We have produced a 25-pointing mosaic, covering a ~ 2' x 2' area around Sgr A*. 
We have detected emission from two high-density molecular tracers, HCN(4-3) and CS(7-6), the latter 
never before reported in this region. The data have an angular resolution of 4.6" x 3.1", and the 
spectral window coverage is from -180 km s~ 4 to 1490 km s" 1 for HCN(4-3) and from -1605 km s _1 
to 129 km s" 1 for CS(7-6). 

Both molecular tracers present a very clumpy distribution along the circumnuclear disk (CND), and 
are detected with a high signal-to- noise ratio in the southern part of the CND, while they are weaker 
towards the northern part. Assuming that the clumps are as close to the Galactic center as their 
projected distances, they are still dense enough to be gravitationally stable against the tidal shear 
produced by the supermassive black hole. Therefore, the CND is a non-transient structure. 

This geometrical distribution of both tracers suggests that the southern part of the CND is denser 
than the northern part. Also, by comparing the HCN(4-3) results with HCN(l-O) results we can 
see that the northern and the southern parts of the CND have different excitation levels, with the 
southern part warmer than the northern. 

Finally, we compare our results with those obtained with the detection of NH3, which traces the 
warmer and less dense material detected in the inner cavity of the CND. We suggest that we are 
detecting the origin point where a portion of the CND becomes destabilized and approaches the 
dynamical center of the Milky Way, possibly being impacted by the southern streamer and heated on 
its way inwards. 

Subject headings: Galaxy: center - radio lines: ISM - ISM: clouds - ISM: molecules 
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1. INTRODUCTION 

The Gala ctic center, located at a distance of 8 kpc 
(|Reidlll993f) (1" corresponds to 0.038 pc), is our unique 
laboratory to study the interaction s between a super - 
massive black ho l e (4 x 10 6 M Q , iGhez et all (|2005h : 
ISchodel fc EckartJ (|2005[ )) and its surrounding environ- 
ment. This region is composed of a very dense and 
warm interstellar medium (ISM), mostly condensed in 
Giant Molecular Clouds (GMCs). These GMCs have 
different characteristics than those GMCs found in the 
Galactic disk. In the Galactic center, the GMCs are 
warmer, denser, and much more turbulent. The dy- 
namical center of the Milky Way is occupied by a non- 
thermal compact radio source, the supermassive black 
hole Sgr A*. Surrounding this source, three arcs of ion- 
ized gas are present (t he western arc, the nor thern arm 
and the extended bar. iRoberts fc Gossl Jl993)), forming 
the minispiral or Sgr A West. Both Sgr A* and the 
minispiral are surrounded by a ring-like structure, the 
circumnuclear disk (CND). The CND is composed of a 
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mixture of neutral atomic and molecu lar gas and dust 
(jGenzel et al.l[l985l IMel ger et al.l fl989h ■ The CND has 
an inner radius of ~2 p c ( |Gatlev et ali 1984; G enzel et al.l 
Il985t I Jackson et al.| [l 993l: IChristopher et all 120051) and 
it ext ends until ~ 5 pc ([Harris et alj|1985t iGenzel et al.l 
1985). It is tilted with respect to the Galactic plane 
(~ 70°) and i t s mai n motion is rotation a round Sgr A* 
dGatley et alj 11984 IGenzel et alj Il985t iLugten et all 
119861 : iGiisten et all Il987t ). The inner cavity that 
the CND encloses is devoid of dust ([Becklin et al.l 
1982) , but it is o ccupied by ionized gas (minispiral) 
dGatlev et al.lll984l). neutral m olecular gas dHarris et al.l 
1985L IHerrnstein fc Hdl 2001 and a la rge amount of 
neutral atomic gas d Jackson et al.| [T993). Also, inside 
the cavity, occupying the central parsec, stars in differ- 
ent e volutionary stages have been found dPaumard et al.l 
l2006h . The stars are orbiting Sgr A* and t hey could have 
been formed in-situ dPaumard et al.ll2006D or spiraled in- 
w ards after formation ( Giirkan fc Rasioll2005D . 

IGiisten et al.l (|1987f ) have previously detected the 
dumpiness of the CND, calculating a dyn amical lifetime 
of 10 4 - 10 5 yr. Howev e r, late r studie s by I Jackson et al 



1993), Shukl a et all <|2004f ) and IChristo pher et al 



2005| ) estimate that the density is ~ (3 - 4) x 10 7 cm 



The density of the clumps would allow them to overcome 
the tidal shear from Sgr A*, increasing the lifetime of the 

yr- 



1.1. Molecular studies 

The Galactic center has been studi ed numero us times 
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20051) studied the emission from four different ammo- 
nia rotation inversion transitions (NH3(1,1), (2,2), (3,3) 
and (6,6)) using the Very Large Array (VLA). Ammo- 
nia is a moderately high-density (~ 10 4 cm -3 ), and 
high-temperature (23 to 412 K, (1,1) to (6,6) transi- 
tions) tracer. These studies showed that the colder 
gas (NH 3 (1,1) and (2,2)) is highly extended in this re- 
gion, showing no strong emission in the CND. How- 
ever, NH 3 (3,3) (energy above ground ~ 125 K) is more 
concentrated towards the center, proving to be much 
more useful for tracing the CND, although still not 
found any closer to the supermassive black hole than the 
CND. NH3(6,6), on the other hand (tracing material at 
~ 412 K), is found very close to Sgr A*, predominantly 
inside the CND, well within the inner cavity, while it 
is much fainter further away from the CND. Therefore, 
very dense and warm molecular gas is located in the inner 
1.5 pc of the Galaxy. 

Studies of other high-density tracers have also been 
carried out. In particular, HCN has proved to be a 
very useful molecular gas tracer in the Galactic cen- 
ter environment, providing important re s ults r egarding 
the structure of the CND. iGusten et "all (|1987t ) studied 
HCN(l-O) emission using the Hat Creek Interferometer, 
obtaining a 10" resolution. The emission from this tran- 
sition was detected along the CND, with the emission 
in the southern part stronger than the emission detected 
in the rest of the CND. Also, a gap was found in the 
eastern part of the CND. High-res olution results were 
also achieved bv lWright et al.l(|2001l ) using the Berkeley- 
Illinois-Maryland Array (BIMA). However. I Wright et al.l 
(2001) noted that self-absorption affects HCN(l-O) (and 
HCO + (1-0), which is closely correlated) due to the in- 
tervening molecular material along the line of sight to 
the Galactic cente r . Thi s problem was also addressed by 
iChristopher et all (|2005D . who published their HCN(l-O) 
data from the Owens Valley Radio Observatory (OVRO) 
millimeter interferometer, with a 5" resolution. In these 
latest results, the HCN emission is detected along the 
CND and also in various narrow structures outside of it, 
such as the linear filament. However, because of the self- 
absorption problem, the use of higher transitions, which 
will be less sensitive to the cooler and more diffuse gas 
along the line of sight, should lead to imp rovements. 

HCN (3-2) emission was detected by Uackson et al.l 
(fl993h using t he I RAM 30-m telescope and by 
IMarshall et all {1995) using the 15-m James Clerk 
Maxwell Telescope (JCMT). In both cases, emission is 
detected along the CND, but it is remarkably stronger 
towards the south of the CND. The detection of HCN(4- 
3) emission (which traces material at ~ 25 K, and has 
a critical density value of ~ 10 cm" - 3 : lChoi et all 2000; 
iTakakuwa et al.1 2007f) in the G a lactic center region was 
also reported by IMarshall et all (jl995l ) using the JCMT, 
achieving a 15" resolution. The HCN(4-3) emission is 
also stronger towards the south of the CND, with very 
weak emission towards the north. Moreover, a dynam- 
ical model of a rotating torus developed by this group 
supported the idea that the northern and the southern 
parts of the CND are independent structures (each of 
them with a different inclination, e.g. a warped disk), fol- 
lowing a common rotation pattern around Sgr A*. The 
self-absorption problem is much less evident for these 
higher-excitation transitions, consistent with the a priori 



expectation that absorption is produced by lower excita- 
tion material along the line of sight. 

While these higher HCN lines are much more reliable 
tracers for studying the structure of the CND, higher- 
resolution has not been available until now. The Submil- 
limeter Array (SMA) is the first interferometer equipped 
with 350 GHz receivers, and our maps image the CND 
in the higher excitation material. 

CS has also been studied in the Galactic center 
in various transitions ((2 -1), (3-2), (5-4) and (7-6) 
ISerabvn et ail 1 19891 Il992j ). However, no previous re- 
sults on (7-6) have been reported in the CND. Our 
study images the distribution of CS(7-6) emission (which 
traces mater ial at ~ 49 K and has a critical density o f 
~ 10 7 cm- 3 . iChoi etal] <|2o5oh : ITakakuwa et al.l (pOOl ) 
in the central 4 pc of the Milky Way. 

The NH3 studies allow a determination of kinetic tem- 
peratures. The HCN and CS studies allow estimates of 
the H2 densities. Together, they define the high excita- 
tion environment of galactic nuclei. 

2. OBSERVATIONS 

Observations of the HCN(4-3) [y = 354.5054759 GHz) 
and CS(7-6) transitions (y = 342.88 30000 GHz) were 
made with the Submillimeter Array (|Ho . Moran fc Lol 
|2004|) in the compact configuration on 2005 July 1 and 7 
and August 13 and in the subcompact configuration on 
2007 May 5. We produced a 25-pointing mosaic (figure 
[T]) covering a ~ 2' x 2' area, which encompasses Sgr A*, 
the minispiral and the CND. The central position of the 
mosaic was at aj 2 ooo.o = 17 fe 45 m 40.00 s , <5j 2 ooo.o = - 
29°00'26.60", and the rest of the pointings were Nyquist 
sampled at half-beam spacings, effectively increasing the 
sensitivity of the mosaic (the primary beam for these 
frequencies is 36"). The data consisted of two 2 GHz 
bandwidths (upper sideband and lower sideband, USB 
and LSB, respectively) divided into 24 spectral windows, 
each of them composed of 128 channels with a velocity 
resolution of 0.7 km s _1 . The HCN(4-3) was observed 
in the USB and CS(7-6) in the LSB. The velocity cover- 
age for the USB was from -180 km s" 1 to 1490 km s _1 , 
centered on the HCN(4-3) line at «ls_r = km s _1 and 
from -1605 km s _1 to 129 km s _1 for the LSB, centered 
on the CS(7-6) line at Vlsr = km s _1 . We aver- 
aged every 5 km s _1 since molecular lines in the vicin- 
ity of Sgr A* are very broad (FWHM ps 100 km s -1 ; 
lHarris et alj|1985j ). Therefore the degraded velocity res- 
olution was adequate to resolve the lines. The contin- 
uum subtraction was performed in the uv plane. The 
total integration time per pointing was 30 minutes, but 
because of the distribution of the pointings, the actual 
time for the central 1.5' covering the CND was 90 min- 
utes. The phase calibrator was 1733-130 (NRAO 530), 
with a flux value of 0.84 Jy for the first two tracks and 
0.79 Jy for the third and fourth tracks (the fourth track 
in the subcompact array). Also, during the fourth track 
we used 1751+096 as a phase calibrator as well, with a 
flux value of 1.75 Jy. The fluxes were determined by the 
SMA project in the immediate period around the exper- 
iment. 

The data were calibrated using the MIR software pack- 
age developed for the Owens Valley Radio Observatory 
(OVRO), which was modified for the SMA, and the imag- 
ing process was done using both the Multichannel Image 
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Reconstruction Image Analysis and Display (MIRIAD) 
and the NRAO Astronomical Imaging Processing Sys- 
tem (AIPS). To produce the dirty map we used the task 
invert in MIRIAD, with the systemp option to decrease 
the weight for visibilities with abnormally high system 
temperatures. Afterwards, we subtracted the continuum 
using line- free channels from both sides of the line for the 
HCN(4-3), and only one side for the CS(7-6), since the 
latter line was located close to the edge of the passband 
in order to be able to observe both molecular lines simul- 
taneously. We cleaned the map using the task mossdi2 
in MIRIAD, cleaning to a 1.5 a level. The integrated in- 
tensity maps were produced using the MOMNT task in 
AIPS, with a minimum flux cutoff of 0.5 Jy and 0.3 Jy for 
the HCN(4-3) data and the CS(7-6) data, respectively. 
The flux cutoff was chosen based on the noise thresh- 
old, to suppress noise contribution, since for a simple 
summation the noise will add and narrow line features 
will become effectively filter diluted. Natural weighting 
of the uv data produced an image with a synthesized 
beam of 4.6" x 3.0" with a position angle of 4.1° for 
the HCN(4-3) emission and 4.5" x 3.1" and a position 
angle of -4.4° for CS(7-6). The final RMS per channel 
is 0.3 Jy beam -1 and the overall achieved RMS sensitiv- 
ity for the integrated map is 8.4 Jy beam -1 km s -1 (for 
HCN(4-3)) and 0.2 Jy beam -1 and 3.3 Jy beam -1 km s -1 
(for CS(7-6), respectively). 

The compact-north (for low declination sources) con- 
figuration of the SMA provides a maximum projected 
baseline distance of 91 m and a minimum of 11 m, while 
the subcompact configuration has maximum projected 
baseline of 25 m and a minimum of 6 m. The combination 
of data from both configurations improves the detection 
of the extended emission as the inner uv plane is better 
sampled, while providing a better resolution because of 
the longest baselines. The data obtained using only the 
compact configuration show a better resolution, but the 
negative bowls due to the missing extended emission are 
quite severe. Eventually, the ultimate goal would be to 
combine these data with single-dish data in order to fur- 
ther suppress the missing flux problems which are still 
evident in our maps. 

3. HCN(4-3) 

We detected the extended emission of HCN(4-3) within 
2 pc of Sgr A* (figure [2]). The southern part of the 
CND is clearly detected, tracing the southwest lobe and 
the southern extension (using the same nomenclature as 
IChristopher et all (|2005l )). while the emission from the 
n orthern part is more s parse and distributed. 

iMarshall et alj (|1995f ) observed a similar distribution 
of HCN(4-3) emission using the James Clerk Maxwell 
Telescope (JCMT) (15" spatial resolution), detecting the 
strongest emission to the south. Due to our higher reso- 
lution image, we can directly determine that the emission 
is very clumpy around Sgr A*, i.e., the CND is composed 
of an array of blobs, in a necklace- like man ner, especially 
towar ds the north, as was first noted by iGiisten et al.1 
(|1987f ). Furthermore, the clumpy appearance is highly 
irregular, in terms of size scale, intensity, spacing and 
distance to Sgr A*. We compare the HCN(4-3) flux 
density detected with the SMA to the single-dish flux 
density detected with the JCMT. After smoothing the 
SMA resolution to match that of the JCMT, we find that 



the interferometer detects 61% of the emission detected 
with the single-dish over an area that covers 10 JCMT 
beams. The missing flux density would be spread over 
many SMA synthesized beams, which are approximately 
16 times smaller in area than the JCMT beam (i.e. 161 
SMA synthesized beams). The SMA data smoothed to 
the JCMT resolution (figure [3]), however, show a very 
st riking similarity to th e JCMT emission map (figure 4 
in Marsh all et al.l ll995). This result suggests that the 
extended emission is a very low level contribution to the 
final result (21 Jy km s -1 per SMA synthesized beam, 
which is at the level of the first contour on figure [21 3a) , 
and most importantly that both the smoothed SMA and 
the JCMT emission maps are dominated by the clumps. 

It is widely accepted that the overall motion of the 
CND is rotation around Sgr A*, as we have previ- 
ously mentioned. We plot the spectra at different peaks 
(clumps) along the CND to show the kinematics (Fig 
II]). Also, we plot the spectra at different "empty" lo- 
cations where no emission was found close to peculiar- 
looking spectra to check whether the influence of neg- 
ative bowls (i.e. the lack of short spacings in our im- 
ages since extended structures are not recorded) have 
affected the emission and, therefore, the final result. 
We find that spectra A and Q show the largest veloc- 
ity shifts, with spectrum A redshifted and spectrum Q 
blucshiftcd. Spectrum A peaks at ~ 105 - 110 km s -1 
and spectrum Q at ~ -105 - -110 km s -1 . which agree 
with t he values previously reported by IGiisten et al.1 
(Il98l: I Jackson et all (fl993h : IMarshall et "all (jl995l ) and 
IChristopher et all (2005). The remainder of the features 
peak at intermediate velocities, in an orderly manner, 
consistent with a rotation pattern in the CND. With an 
average radial velocity of 110 km s -1 and a 1.5 pc ra- 
dius, if we assume that the velocity is purely rotational, 
the rotation period would be ~ 8 xlO 4 yr. We can ex- 
tract much more information from the study of spec- 
tra. In particular, there is a group of features worth ob- 
serving closely. Firstly, spectrum H is slightly different 
from the rest. It does not seem to follow the rotation 
pattern and has a different linewidth, being narrower 
than the other spectra. These characteristics suggest 
that this fe ature may be t he "7 km s -1 cloud", first 
reported bv IGiisten et al.l (|1987f ). It seems to be near 
the CND, but has a n on-negligible radial velocity com- 
ponent (~ 50 km s -1 ; iJackson et aT1ll993D . much larger 
than the rest of the clumps, whose predominant motion is 
rotation. At the same time, spectrum H shows a shock 
appearance, with a steep blue side and a non-gaussian 
red tail. Also, clump E shows a remarkably different 
spectrum, with two velocity components, roughly equal 
in intensity and an overall broader profile than nearby 
clumps. Clump E lies to the north of the minispiral 
northern arm (figure [5]) , believed to be interacting with 
the CND and creating a gap where th e ionized gas is 
infalling towards S gr A* (jWright et al.ll2001h . In fact, 
IChristopher et afl ( 2005h consider c l ump E part of the 



CND northern arm. IJackson et al.l () 19931 ) reported the 



detection of neutral gas also associated with the min- 
ispiral northern arm as far as 3 pc from the dynami- 
cal center of the Milky Way, consistent with a scenario 
of infalling gas through the CND gap. Clump G, lo- 
cated in close proximity to clump E, also shows a two- 
velocity component broad profile. Clump G is part of 
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what [Christop her et ail (|2005| ) called the linear filament, 
a ridge of gas that appe ars to be connecting the western 
streamer and the CND (|McGarv et al.ll2001h . though it 
might be a projection effect. On the other hand, we ob- 
serve a very peculiar (and broad) double-peak spectrum 
in clump N, which als o seems to be in the p ath of the 
minispiral (figure O. ISerabvn fc Lacvi (|1985f ) reported 
the western arc of the minispiral to have the same veloc- 
ity field as the CND, therefore suggesting a connection 
between the molecular ring and Sgr A West. However, 
clump N might be also affected by a different process. 
When comparing spectrum M with spectrum N, we ob- 
serve that both show two 'dips' at roughly the same 
velocities (~ -60 km s" 1 , ~ 10 km s^ 1 ), even though 
spectrum M was taken a little farther from the region 
apparently influenced by the minispiral. Also, spectrum 
L shows that there are strong negative bowls in the prox- 
imity of clump N because of the lack of short-spacings, so 
that these spectra are probably affected by this problem. 
We will go back to discuss this spectrum a little later. 

Clump DD does show a very clear two- velocity compo- 
nent broad profile, and may be related to the interaction 
with the minispiral. Cloud DD is located at the end of 
the extended bar of Sgr A West (figure O. We could 
be observing a similar behavior as the one detected for 
clump E. Also, absorption is probably not the answer 
for this feature due to its uniqueness among the nearby 
clumps. We would have expected the same profile to 
be shown by the rest of the adjacent clumps (such as 
C, D and AA), but that is not the case. We have not 
found strong negative bowls in the proximity of clump 
DD. Therefore the lack of short-spacings is probably not 
affect ing the line profile for this c lump. 

As Uackson et all (|1993t ) and iMarshall et~aT1 (|1995l ) 
previously remarked, we do detect emission in the east- 
ern and northeastern parts of the CND, a section that is 
heavily affected by absorption by fo reground cold cloud s 
when using a lower J transition line (jGiisten et al.lll987t) . 
The emission peaks detected in this region (D and DD) 
are indeed strong, demonstrating that the higher temper- 
ature gas in this region can be discerned once the cold 
gas along the line of sight is suppressed. 

Spectra BB and CC show very narrow profiles, espe- 
cially spectrum BB. They are located outside of the main 
CND structure, in what we will call the northeast arm, 
therefore farther from the supermassive black hole. The 
greater distance from Sgr A* implies that the gravita- 
tional pull from the center will be less important, and 
the narrower linewidths may reflect a weaker interaction. 

Spectrum K shows a peculiar profile as well. Observing 
the profile of spectrum L, closely located, we infer that 
clump K is affected by the lack of short-spacings in the 
data. A similar behavior seems to be affecting clump Z, 
easily understood when comparing to spectrum Y. 

Clumps U, W and Q are probably also affected by the 
negative bowls (see spectra T, V and O), which are much 
stronger in the southern part of the CND, indicating that 
the loss of extended emission is more significant in that 
region than in the northern part, where only clump A 
seems to be affected. 

Spectrum R seems to be especially affected by the 
short-spacings problem, resulting in a very broad but not 
very strong spectrum. In summary, the HCN(4-3) data 
undersample the extended emission. This is especially 



remarkable in the southern part of the CND. However, 
such problem does not prevent the very strong detection 
of this molecular tracer along the CND and even further 
away, in the linear filament and the northeast arm. 

Comparing our data with the HCN( l-O) data from the 
Owen s Valley Radio Observatory by IChristopher et all 
( 2005) (figured both maps convolved to the same resolu- 
tion and integrated over the same velocity range) we can 
see that both transitions coincide tracing the southern 
part of the CND, and even in some parts of the northern 
lobe of the CND, but HCN(l-O) is stronger to the north 
as compared to HCN(4-3). This result suggests that the 
northern and the southern parts of the CND have differ- 
ent excitation conditions, with the southern part warmer 
than the northern part. The strongest peak in HCN(l-O) 
in the southwest lobe does not coincide with the strongest 
peak in HCN(4-3). It appears that the lower-excitation 
line is stronger towards the tip of the CND, where the 
most blueshifted material is detected, while HCN(4-3) is 
strongest north of that position, in what we have called 
clump N (figured]). However, HCN(l-O) i n the position 
of clu mp N is affected by self-absorption (|Wright et al.l 
2001). Therefore, the difference in gas distribution could 
be due to this effect. 

We overplot the spectra at the locations of various 
clumps along the CND fo r HCN(4-3) and HCN(l-O) from 
IChristopher et afl (|2005h (figure[7| convolved to the same 
resolution). We confirm that HCN(l-O) suffers from 
strong self-absorption, a problem especially noticeable in 
clumps K, N, U, X and W. Clump N in both transitions 
seems affected, but HCN(l-O) suffers a much more dra- 
matic "dip" (i.e. a sharp absorption feature within the 
emission profile) than HCN(4-3). The velocity at which 
the absorption affects the HCN(l-O) line (~ km s , 
prod uced by a well know n cold cloud complex, the "local 
gas" ; iGiisten et al.lll987h is slightly different from the ve- 
locity at which we find the dip in the HCN(4-3) spectrum. 
Also, the nearby clump K shows a similarly non-gaussian 
profile, but the rest of the clumps are mostly unaffected. 
We also overplot the spectra at the location of Sgr A* 
(figure [3 where we can obser ve the absorption feature s 
in the HCN(l-O) data noted bv lChristopher et all (|2005h . 
which are absent from the HCN(4-3) data. Therefore, 
HCN(4-3) is probably not affected by absorption (and, 
if it is, not enough to explain the line profiles), but by 
the lack of short-spacings, a problem that can be solved 
by combining the interferometric data with single-dish 
data. HCN(l-O) could be missing extended emission as 
well, since the OVRO data have not been combined with 
single-dish data. Therefore, both transitions are proba- 
bly affected by the short-spacings problem, but only in 
the case of (1-0) the self- absorption seems worrisome. 

The ratio of both transitions (figure where the 
HCN(l-O) contours have been overplotted to better ex- 
plain the ratio) confirms that the southern part of the 
CND is more highly excited than the northern part. We 
have calculated the ratio using only the points with flux 
greater than or equal to 3a, and in the case where the 
flux was lower, we have taken 3cr as the minimum value. 
The reasoning behind this treatment of the data was to 
assess the properties of the northern part of the CND. 
From figure [6] we can observe that the emission from 
HCN(4-3) in the northern lobe is fairly extended. Since 
no emission from HCN(l-O) was observed in that same lo- 
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cation, the ratio cannot be calculated without assuming 
an upper limit. Comparing the more excited molecular 
gas closer to the center with the less excited gas in the 
northern part of the CND would not have been possible. 
We have, however, not applied the same rule to the ab- 
sorption features, leaving them blank, thus the void at 
the position of Sgr A*. The missing flux densities prob- 
lem does introduce some bias in the ratio, however, it 
is tipically not too severe and it is only for local spots. 
The overplotting of the HCN(l-O) integrated emission 
map in figure [8] demonstrates that except for the south- 
ern extension, most of the regions with a high ratio cor- 
respond to the peripheral regions where the HCN(l-O) 
flux value has been artificially increased. This means 
for the hot regions in the northeast side of the CND, 
where the HCN emission is getting fainter, the emission 
must be hotter than what we are able to show in the 
ratio map. Where both HCN(l-O) and HCN(4-3) have 
been detected, for example the northeast lobe, the value 
of the ratio is one of the lowest values along the CND. 
The ratio map therefore shows the southern extension 
as a whole, to be more excited that any other part of 
the CND. However, the absence of detection in the east- 
ern part of the CND cannot rule out the presence of 
hotter gas in the region, which could possibly be more 
diffuse. The large ratios in other parts of the CND, as in 
the southwest lobe, are interspersed among regions with 
smaller ratios. This is consistent with heating at the 
boundaries of clumps. Although all of the southern part 
of the CND is really affected by self-absorption (figure 
O, this is an interesting result since it suggests that the 
southern extension is formed in its entirety by more ex- 
cited gas than other parts of the CND. The question 
arises, then, why is the southeastern part of the CND 
more excited? What is the heating mechanism? Shocks? 
Radiation? We will address these questions later, with 
the help of an extra comparison tool, a high-temperature 
molecular tracer, NH3. At the same time, the ratio map, 
especially in the northern part of the CND, suggests that 
the ratio increases as the gas approaches the center, i.e. 
the in ner part of the CND is more excited than the outer 
part. lHarris et al.l (|1985l ) suggested that the UV radia- 
tion from the nuclear cluster (which is located in a cavity 
void of dust, and therefore transparent to the UV radia- 
tion) could be responsible for the heating of the molecular 
gas composing the CND. The inner edge of the molec- 
ular ring would be heated by this radiation, but as the 
distance from the center increases, the radiation starts to 
be absorbed by the dust also composing the ring. Thus, 
the outer parts of the CND would be less affected by 
this radiation. Finally, it is interesting to remark that 
the location of clump E, where we found a broad double- 
peak profile (figures [4] and [7]) shows a large ratio value. 
This result suggests that clump E has a higher excitation 
than the surrounding environment. The interaction with 
the northern arm of the minispiral may be a possible 
mechanism. A detailed kinematic study of the velocity 
distribution in the minispiral is needed to fully elucidate 
this situation, possibly. 

When comparing the HCN(4-3) emission map with 
emission map s prod uced by NH3 ((3,3) and (6,6), 
iMcGarv et all (|2001h and IHerrnstein fc Hoi ()2002fl . re- 
spectively) we can gain a better understanding of the 
spatial distribution of the high-density molecular gas in 



the inner 2 pc of the Galactic center. NH3 has a lower 
critical density (10 5 cm~ 3 ) as compared to HCN, but 
traces gas at higher temperatures. Both NH3(3,3) and 
(6,6) have remarkably different distributi ons in the cen- 
tral re gion of the Milky Way as shown bylMcGarv et aTl 
(|2001h and IHerrnstein fc Hoi (|2002ll2005t ). 

A comparison of HCN(4-3) to NH 3 (3,3) (figure M 
HCN(4-3) smoothed to match the NH3(3,3) resolution) 
shows that the emission distributions from these two 
molecular lines are poorly correlated. However, both 
lines trace the western side of the CND and show the 
strongest peak along the CND at the same position on 
the southwest lobe. HCN(4-3) and NH3(3,3) emission co- 
incide in the eastern arm as well. It is worth noting 
that the southern streamer as traced by NHs(3,3) (at 
a,/20oo.o = 17' l 45 m 43 s and S J200 o.o = -29°01'40") seems 
to connect to the eastern side of th e CND as traced 
by HCN(4-3). IHerrnstein fc Hoi (|2005t) reported that no 
kinematic connection could be made between the south- 
ern streamer and the CND, but at the same time, it was 
clear that there was a change in the NH3(3,3) emission 
when (at least in projection) it reached the CND. There- 
fore, the spatial alignment at the CND might only be a 
projection effect along the line of sight, but a physical 
connection could not be completely ruled out because of 
the resolution of the NH3(3,3) data. We do indeed ob- 
serve the same trend. The gas traced by both NH3(3,3) 
and HCN(4-3) in the eastern part do not overlap, but 
it seems that the emission from NH3(3,3) does become 
weaker in the vicinity of the CND. At present sensitiv- 
ity, the kinematic and structural information still can- 
not elucidate whether there is a connection between the 
southern streamer and the CND. 

The comparison of HCN(4-3) and NH 3 (6,6) (figure [TO]) 
shows a good correspondence in the eastern and northern 
parts of the CND, and even in the northeast arm. How- 
ever, we can see that NH3(6,6) is detected inside the cen- 
tral cavity of the CND, apparently approaching Sgr A*, 
while HCN(4-3) is only detected along the CND. This 
result suggests that the molecular gas that composes the 
CND is in general colder and perhaps denser than the 
gas that is located inside of the cavity. 

By overplotting the HCN(4-3)/HCN(l-0) ratio and the 
NH3(6,6) integrated emission we can make an interesting 
comparison (figure ITTj) . We observe that the southeast- 
ern part of the CND is located south of the strongest 
peak detected in NH3(6,6). It looks like the material 
traced by NH3(6,6) is "following" the path marked by 
the ratio towards Sgr A*. Since the large value of the 
ratio in the southeastern part of the CND indicates the 
presence of a larger amount of highly-excited material 
than of low-excited material, it means that the majority 
of the molecular gas in that region is warmer. Because 
NH 3 (6,6) traces very warm gas and it penetrates from 
the eastern side of the CND towards the supermassive 
black hole, the southeastern side of the CND could be 
becoming warmer as it flows northwest, towards Sgr A*. 

At the same location where the gas traced by NH3(6,6) 
heads for Sgr A*, the value of the ratio changes radically, 
as if suddenly the level of excitation in the gas tracing 
the CND drops. At that location HCN(l-O) could be 
slightly affected by self-absorption (spectrum Z in fig- 
ure [7]), but the very low value of the ratio indicates that 
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the amount of HCN(4-3) is also low, otherwise the ratio 
would have been large. The question remains as to why 
the material is more highly excited precisely in the south- 
ern extension. When plotting the HCN(4-3)/HCN(l-0) 
ratio with the NHa( 3,3) integrated intensity map from 
iMcGarv et all (l200lh (figure H2J) , we observe that the 
region where the southern streamer seems to reach the 
CND coincides with the location of the northernmost 
part of the high ratio, where NH3(6,6) becomes stronger 
before heading northwest. Consequently, in terms of pro- 
jection, there is a location in the southeastern part of the 
CND where the southern streamer traced by NIi3(3,3), 
the strongest peak in the Nti3(6,6) emission and the edge 
of the high-ratio area all coincide. The southern streamer 
may impact upon the CND producing destabilized ma- 
terial which infalls towards the supermassive black hole. 
This material may become so highly excited that HCN (4- 
3) energy levels may be depopulated so that a higher 
HCN transition will be needed to trace the infalling gas. 

A comparison of spectra of both the HCN(4-3) and 
the NH3 data is needed to determine whether the mate- 
rial traced by these transitions is the same. In order to 
accomplish this study we take the spectra at various loca- 
tions (figures [TBI and [T4")) . From figure [TBI we find that the 
material tracing the southwest lobe and the northeast arm 
(peaks 1 and 3) kinematically coincides both in HCN(4- 
3) and NH3(3,3), but the same cannot be said about 
peak 2, located on the region where the material from 
the "20 km s" 1 GMC" approaches the CND. However, 
we do detect a small peak around 20 km s _1 , weaker than 
the peak detected around -50 km s _1 , but nonetheless 
present, which indicates the detection of material from 
the southern streamer. We observe a similar situation in 
figure[Uwhen comparing HCN(4-3) and NH 3 (6,6). The 
same material is detected by HCN(4-3) and NH3(6,6) in 
the southwest lobe and the northeast arm (peaks 1 and 4) 
but not in the regions where the material approaches Sgr 
A* (peaks 2 and 3). Therefore, the material detected in 
the northern and western parts of the CND by HCN (4- 
3) and NHs(3,3) and (6,6) coincides, indicating that the 
denser and colder gas is heavily mixed with the more 
diffuse and warmer gas at those locations. However, the 
material detected in the eastern part of the CND appears 
to be very different, with the gas approaching the black 
hole warmer and more diffuse than the gas tracing the 
CND and a possible interaction between the gas from the 
southern streamer and the gas forming the CND in the 
southeasternmost part of the ring. These results seem to 
support the previously noted conclusion, where the ma- 
terial in the southern extension is warmed and pushed 
towards the dynamical center of the Milky Way by the 
action of the gas coming from the "20 km s _1 GMC" . 

4. CS(7-6) 

We employed a correlator setup to sample the CS(7-6) 
line at the same time. Because of the locations of the 
two lines, CS(7-6) had to be placed at the edge of the 
passband and the velocity coverage was not as broad for 
this line, from -150 to 128 km s _1 . As previously noted, 
this CS transition traces gas at even higher temperature 
than the observed HCN line but at a slightly lower den- 
sity. We clearly detect and resolve the CS(7-6) emission 
in the southern part of the CND, but it is much weaker 
towards the northern part, although it is clearly detected 



in the northeast arm (figure [T5|) . This result is consistent 
with the HCN results in suggesting that the northern and 
the southern parts of the CND have different excitation 
levels, since the warmer gas is absent from the north. 

The results for the CS(7-6) and HCN(4-3) lines show 
that these two molecualr lines correlate quite well with 
each other (figure [T5|) . The emission peaks coincide in 
the southern part of the CND, and even in the few 
places where CS(7-6) is found in the northern part of 
the CND. Also, if we compare the spectra at the same 
positions (figures [4] and [TTl CS(7-6) spectra plotted in 
the same velocity range as HCN(4-3) spectra), we ob- 
serve that both molecular lines have similar line profiles 
(FWHM « 35 km s _1 ), suggesting that these lines are 
tracing the same material. However, there are some dif- 
ferences between the two molecular tracers. First, we 
observe that HCN(4-3) is much stronger in the southern 
extension than CS(7-6). While both molecular tracers 
seem equally strong along the southwest lobe, even co- 
inciding in the distribution of the gas, stronger in the 
northern part of the lobe, at the location of clump N, 
than in the southern part, CS(7-6) is obviously weaker 
in the southern extension. This result would suggest that 
the southern extension is composed by denser but colder 
gas than the southwest lobe. However, we noted in the 
previous section that the southern extension is highly ex- 
cited. Also, because of the strong detection of NH3(6,6) 
in the northern region of the southern extension, towards 
Sgr A*, we acknowledge the presence of warm material 
in the area. Therefore, the combination of the result 
drawn by the previous section and the picture presented 
by the weak emission of CS(7-6) in the southern exten- 
sion, which traces warmer but less dense material than 
HCN(4-3), suggests a complicated morphology in the 
eastern part of the CND. The gas is denser and colder 
towards the south, and becomes much more diffuse and 
warmer heading north. This point will be discussed in 
detail later. 

Another difference between the integrated emission 
from both molecular lines is that clump E in CS(7-6) 
does not show a double-peak profile, unlike its counter- 
part in HCN(4-3). The detection is much weaker, which 
could account for the lack of coincidence. Spectrum N 
shows a two- velocity component, consistent with the re- 
sult in HCN(4-3). The line profile, however, is not as 
wide. Clump N in the case of CS(7-6) is located a lit- 
tle further west than in the case of HCN (4-3). Since we 
have considered the interaction with the minispiral as 
probably affecting the profile of clump N in HCN(4-3), 
it could be that the greater distance from clump N in 
CS(7-6) to Sgr A West and a consequently weaker inter- 
action is responsible for the narrower profile (compare 
figures [201 and |5|) . In order to check this conjecture, we 
extracted a spectrum closer to the inner side of the CND, 
4.4" east and 0.8" south of clump N in CS(7-6) (at the 
location of clump N in HCN(4-3)) and overplotted the 
two spectra (figure [18]) . The broadening in the profile 
of the spectrum closer to the minispiral is remarkable. 
We conclude that the interaction with the minispiral is 
probably affecting the line profile. At the same time, 
the absorption features detected in these spectra can be 
caused by the negative bowls. When we examine the 
spectra L and M, taken nearby, we see that the lack of 
short-spacings may well affect the spectra towards clump 
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N. 

Clump K presents a very surprising profile, unlike any 
other. It is clearly redshifted and very narrow, more so 
than the "70 km s _1 cloud", which is barely detected 
as clump H, but the negative bowls might be seriously 
affecting it if we pay attention to spectrum L, taken 
nearby. Nonetheless, the profile is very unexpected and 
it is probably worth a deeper study. The comparison of 
the spectrum in the same position in HCN(4-3) (figure 
I19|) shows a similar profile. Is once again the presence of 
the minispiral affecting the line profiles in the southwest 
lobe? Both spectra seem to be suffering from absorption 
around + 50 km s _1 , a situation especially noticeable in 
the HCN(4-3) spectrum. However, this absorption fea- 
ture is not present anywhere else in the CND. 

Clump DD produces a very remarkable spectrum, with 
two clearly separated peaks. The spectrum at the same 
position in HCN(4-3) shows this profile as well. There 
could be some interaction involved in this location as 
absorption does not seem to be responsible for the "dip" 
and the negative bowls detected in the vicinity because 
of the lack of short-spacings are not so prominent. As 
we mentioned in the previous section, interaction with 
the extended bar of the minispiral is the most probable 
explanation of this broad profile. 

Spectrum R shows a double peak profile and, observ- 
ing the important negative bowls nearby (spectrum T) 
it is very probable that the short-spacings problem is 
the cause of this double peak profile. This problem is 
probably also affecting clumps FF, U and W, if we com- 
pare with spectra T and V. Therefore, as in the case of 
HCN(4-3), the lack of short-spacings is affecting the data. 
However, because of the lack of single-dish observations 
of CS(7-6) in the Galactic center, we can not calculate 
the amount of missing flux. 

When we compare the CS(7-6) detected emission with 
the 6 c m continuum emission from lYusef-Zadeh fc Morris! 
(fl987h . we observe that the gap in the CND in the CS(7- 
6) emission towards the north coincides with the position 
of the northern arm of the minispiral, with clumps E and 
F delimiting the gap to the west and clump D to the east 
(figure ED). 

The ratio between CS(7-6) and HCN(4-3) (calculated 
using only the pixels with flux > 3er) is useful to better 
understand the distribution of the dense material (figure 
[2Tj) . We can observe that the ratio increases towards 
the inner edge of the CND, especially in the western 
part. Coincidentally, the western arc of the minispiral 
is observed in the same region (figure [20]) . Both CS(7-6) 
and HCN(4-3) have similarly high critical densities, with 
HCN(4-3) tracing slightly denser gas than CS(7-6), but 
the temperature traced by CS(7-6) is double the temper- 
ature traced by HCN(4-3) (49 K vs. 25 K). We could 
interpret the ratio distribution as being ruled mostly by 
the temperature, although the density should also be a 
factor. Therefore the molecular gas in the inner side of 
the ring is probably warmer and could be less dense. As 
we mentioned before, the temperature increase can be 
due to the absorption of UV radiation emitted by the nu- 
clear stellar cluster. High-ratio values found to the west, 
outside of the CND, can also be related to the presence of 
higher-temperature g clS, clS the western streamer is very 
clearly detected in NH 3 (3,3) (tracing gas at ~ 125 K). 

The comparison of CS(7-6) and NH 3 (3,3) (figure 



|23|) . CS(7-6) smoot hed to match the NH 3 resolution, 
NH 3 (3,3) data from iMcGarv et all (|2001h ) shows that 
both molecular tracers coincide at the location of the 
strongest peak within the CND (as was also noted re- 
garding HCN(4-3)) and the northeast arm. However, 
the coincidences stop there, with CS(7-6) and NH 3 (3,3) 
having in general very different distributions in the re- 
gion observed i n bot h tracers. The NH 3 (3,3) map by 
IMcGarv et all (|200fl ) is much larger than the CS(7-6) 
map, and it is not represented here in its entirety. The 
correlation between the high-ratio values that we found 
previously west of the CND and the western streamer 
cannot be checked in this figure because of the lower 
resolution of the NH 3 (3,3) data, and the small clumps 
detected in CS(7-6) have been smoothed out. 

When comparing CS(7-6) and NH 3 (6,6) we observe 
that the eastern part of the CND and the eastern arm 
are the only regions where both molecular tracers over- 
lap and are well correlated (figure |24|) . The comparison 
is similar to that obtained with HCN(4-3) and NH 3 (6,6), 
except for the northern part of the CND, which is barely 
detected in CS(7-6). Once again, we note that NH 3 (6,6) 
is detected inside the central cavity, whereas CS(7-6) is 
limited to the CND. This result is consistent with the 
idea that the CND is better traced by higher-density and 
lower-temperature tracers since only a minimum part of 
the CND is traced by NH 3 , while CS (and HCN) are 
detected along most of the structure. 

Similarly to the way we proceeded in the previous 
section, we overplot the NH 3 (6,6) map and the CS(7- 
6)/HCN(4-3) ratio (CS(7-6)/HCN(4-3) ratio convolved 
to the NH 3 (6,6) resolution, figure [25)) . Unlike in the 
case of the HCN(4-3)/HCN(l-0) ratio map, the CS(7- 
6)/HCN(4-3) ratio does not correlate with the NH 3 (6,6) 
emission. The highest ratio values, as mentioned be- 
fore, are found in the western side of the CND, over- 
lapping with the western arc of the minispiral (when 
higher-resolution is utilized since the NH 3 (6,6) resolution 
is not sufficient to observe such details). If the CS(7- 
6) /HCN (4-3) ratio is tracing the region with the highest 
temperature-lowest density combination, then the west- 
ern part of the CND is either warmer or less dense or 
both. Since NH 3 (6,6) is detected more strongly in the 
eastern part of the CND, it indicates the presence of 
high-temperature gas in this region of the CND. There- 
fore, the western part of the CND may be less dense than 
the eastern part, and the high-ratio could be in this case a 
sign of lower density instead of higher temperature. The 
material detected by the high-temperature tracers might 
be unrelated to the material observed in high-density but 
lower-temperature tracers. This case is indeed true in the 
eastern part of the CND, as proved by the comparison of 
the HCN(4-3) and NH 3 (6,6) spectra, showed previously 
in figure [I4l However, the kinematic study indicates the 
coincidence of the material traced in the western part of 
the CND by both HCN(4-3) and NH 3 (6,6). At the same 
time, the strength of the detection of the warmer gas is 
much smaller in the western part of the CND than in the 
eastern part. This indicates that the warmer and more 
diffuse gas is well mixed with the colder and denser gas 
in the western part, but not in the eastern part, where 
the amount of warmer gas is much larger, although not 
in the totality of the southern extension where it is only 
detected in the northernmost region. The lack of strong 
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HCN(l-O) emission in the southern extension, tracing the 
same material as HCN(4-3) (figures [6] and |8|) , but char- 
acterized by a lower temperature and critical density, 
indicate a higher temperature and density than in the 
southwest lobe. Furthermore, if a transition defined by a 
lower temperature and critical density, such as HCN(1- 
0), coincides in its spatial distribution in the southern 
part of the CND with a transition characterized by a 
higher-temperature but also lower critical density, CS(7- 
6) (both of them compared to HCN(4-3)), the southern 
extension will be then denser than the southwestern part 
of the CND. Since the material coming from the south- 
ern streamer is approaching the CND in the region of 
the southern extension, if the latter structure appears as 
denser it may be related with the possible interaction 
previously mentioned between the CND and the south- 
ern streamer. Because of this interaction, the material 
forming the southeastern part of the CND may be un- 
dergoing a compression process, appearing as denser than 
the adjacent region. 

5. MASS ESTIMATES 

In the previous section we n oted the clumpy na - 
ture of the CND. A s m entioned. Uackson et al.l 11993): 
IShukla et all (|2004h and IChristopher et all (|2005t ) found 
that the different clumps (or cores) within the CND were 
dense enough to overcome the tidal shear produced by 
the central supermassive black hole, and therefore the 
CND mi ght be a more stable structure than previously 
thought ([Glisten et aT1ll987f l. For our results, we use the 
Virial calculation to estimate the required masses and 
densities for a clump to be stable against tidal shear. 
We consider then, the clumps to be gravitationally bound 
against the motions of the gas in the clump, with uniform 
density and where optic al depths do not play a s ignificant 
role in line-broadening (|Rohlfs fc Wilsor3l2000f) . 
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where A v 1 j 2 is the FWHM velocity linewidth and R is 
the radius of the clump. 

The results are displayed in tables Q] and [2] Table Q] 
shows the masses measured for the clumps marked in 
figure [2] and table [2] displays the results for the clumps 
in figure [T5l 

The virial masses calculated by IChristopher et all 
(|2005h range fro m 2 x 10 3 to 89 x 10 3 M Q , while the re- 
sults obtained by Shu kla et al.l (|2004h are slightly smaller 
(3 x 10 3 to 45 x 10 3 Mq). Our measurements are sim- 
ilar, although a little bit higher than these previous re- 
sults^ x 10 3 to 595 x 10 3 M Q ). We have not calculated 
the masses for all the clumps due to some difficult non- 
gaussian profiles (like clump R), that prevented us from 
being able to calculate a linewidth. The mean virial den- 
sity of the clump, assuming spherical symmetry, can be 
calculated with: 
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Therefore, the internal virial density of the clump is: 

3M 



(2) 



n Hs 



4itR 3 mH 2 



(3) 



The critical density for a clump to survive the tidal 
shear from a 4 x 10 s black hole is cal culated us- 
ing the model from IVollmer fe Duschll (|2000f ). which as- 
sumes the mass distribution in the inner region of the 
Milky Way to be described by a spherically symmetric 
approximation: 



M = 4 x 10 6 + 1.6 x 10 6 { — ) 1 - 25 (Mq), (4) 

pc 

where D is the radius from the center of the Galaxy 
(i.e. distance to Sgr A*). 

The critical density for a clump to be tidally stable is 
then: 



nm = 2.87 x w 7 [{ — )- 3 + 0.4{ — )- 1 - 75 ]{c m - 3 ) 
pc pc 

For a 1.5 pc distance, using equation^ we can calcu- 
late the critical density to be 1.4 x 10 7 cm~ 3 . Therefore, 
we can conclude that the clumps we have detected using 
both HCN(4-3) and CS(7-6) are tidally stable, as it can 
b e seen in tables Q] and [21 

[Sanders (1998) reported th at the total ionized gas of 
the minispiral is 10 2 M Q , and [Jackson et al. (1993) mea- 
sured a neutral gas mass in the northern arm of the 
minispiral of 3 x 10 2 M Q . We can then assume the 
minispiral with a total mass of ~ 4 x 10 2 M Pl . At the 
same time, kinematic models bv lSandersI (119981 ). using an 
infalling gas velocity of half the rotation velocity (men- 
tioned previously as 110 km s _1 ), were able to explain the 
majority of the characteristics of the minispiral. There- 
fore, the infalling time should be ~ 3 x 10 4 yr. In- 
flow models support the idea of the minispiral as being 
formed by a cloud that lost angular momentum, prob- 
ably due to cloud-to-cloud collisions and then fell to- 
wards the center. While infalling, the UV radiation from 
the nuclear stellar cluster dissociated the molecular gas 
and l ater ionized the neutral atomic gas (| Jackson et al.l 
1993). Consequently, if the material composing Sgr A 
West comes directly from the CND, which has a total 
molecular mass of 1.3 x 10 6 M Q (calculated with the 
HCN(4-3) results), and the current mass of the minispi- 
ral takes 3 x 10 4 yr to reach the center, if a mere 10% of 
the C ND is stripped off and bec omes part of the minispi- 
ral (as lChristopher et al.l (|2005f ) considered), the lifetime 
of the CND is ~ 9 xlO 6 yr, much longer that its rota- 
tion period (8 x 10 4 yr). Therefore, the CND is not a 
transient structure, since the amount of time needed for 
the CND to disappear, "swallowed" by the inner cavity, 
is longer than the amount of tim e needed to circle it. 
However, Herrnste in fc Ho] (|2002f ) found the molecular 
gas approaching Sgr A*, as traced by NH 3 (6,6), not to 
follow the minispiral path. Consequently, the previous 
lifetime value can be an overestimation, since not all the 
molecular gas approaching the dynamical center of the 
Milky Way is contained in the minispiral. Nonetheless, 
if the CND is a non-transient structure, the dumpiness 
should be expected to disappear and the CND to become 
a homogeneous structure. However, the observations do 
not show such homogeneity, instead, the clumps present 
a wide range of velocities. This dispersion in velocities 
could result in various interactions between the clumps 
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(cloud-to-cloud collisions), with the more diffuse mate- 
rial spirali ng inwards tow a rds th e center. Finally, recent 
studies by Marrone et a l. (2007) showed that the accre- 
tion rate of Sgr A* is between 2 x 10~ 9 and 2 x 1 0~ 7 M© 
yr~ 4 . If the infalling rate is 1.5 x 10~ 2 M Q yr _1 (consid- 
ering for now only the material confined in Sgr A West), 
there is clearly a surplus of material inside the cavity 
that is not accreting into the black hole. The remaining 
material could be u ndergoing star formation processes. 
iKrabbe et ail (| 19911 ) reported that 10 3 - 10 4 M in the 
inner cavity became stars around 10 6 years ago. With 
the infalling rate that we are considering, an accumula- 
tion of 10 4 M Q will take ~ 7 x 10 5 yr (and even less if 
we consider the material traced by NH 3 (6,6)). Therefore, 
the material infalling towards Sgr A* could be forming 
stars in the inner cavity, and not only accreting into the 
black hole. 

6. SUMMARY 

We have successfully detected HCN(4-3) and CS(7- 
6) within 2 pc of Sgr A*, effectively tracing the 
CND. We demonstrate that the higher HCN transi- 



lower transitions 


Giisten et al.lll987l:IWrisrht et al.H2001t 


Christopher et al. 


2005), therefore providing a much 



more reliable sampling of the kinematics and structure 
of the CND. 

The emission from both molecular tracers, HCN(4-3) 
and CS(7-6), appears in clumps, forming a 'necklace- 
like' structure around CND. The clumps have various 
sizes, from ~ 3" to ~ 13". In the case of HCN(4-3), the 
emission detected from these clu mps amounts to 61% o f 
the sing le-dish flux detected by IMarshall et~aTl (|1995f) . 
Problems due to missing short spacings, however, con- 
tinue to affect the observed kinematics. Nevertheless, 
when smoothing our data to match t he res olution of the 
JCMT results from IMarshall et all (|1995l ). we can eas- 
ily note the remarkable similarity between the smoothed 
(to a 15" resolution) HCN(4-3) emissio n map and the 
HCNY4-3) integrated emission map from IMarshall et al.l 
(1995). This result suggests that the extended emission 
does not greatly contribute to the final result and the 
molecular gas is mostly concentrated in clumps. There- 
fore, the missing short spacing problem probably does 
not seriously affect the final morphological results. 

Moreover, we confirm the stability of the CND based 
on the density of the clumps, which is large enough for 
the clumps to overcome the tidal shear produced by the 
supcrmassive black hole. Furthermore, the lifetime value 
of the CND is far longer than the rotation valu e . Thi s 
result supports the con clusions of [Jackson et al.l (|1993h : 
IShukla et all ([2004) and lChristopher et all (|2005h . agree- 
ing that the CND is not a transient structure. 

Both HCN(4-3) and CS(7-6) are found to be much 
more abundant in the southern part of the CND than 
in the northern part of the CND. In order to determine 
the geometrical distribution of the gas, the location of 
the colder and warmer gas, as well as the denser and 
more diffuse gas, and the implications of such distribu- 
tion, line ratio measurements have been used. Our re- 
sults indicate that the northern and the southern parts 
of the CND have different excitation levels, as well as 
different densities, with the southern part of the CND 
warmer and denser than the northern part. Also, com- 



paring our results with those from NH3, a high-density, 
high-temperature molecular tracer, we conclude that the 
molecular gas forming the CND is denser and colder 
than the molecular gas inside the inner cavity. More 
precisely, the southeastern part of the CND is denser 
than the southwestern part. However, the southeast- 
ern part seems to become more diffuse or warmer as the 
material heads northwest, approaching the supermassive 
black hole, as detected by NH3(6,6). The comparison 
of the linewidths supports this conclusion, since both 
the NH3(6,6) and HCN(4-3) present similar line profiles 
along the CND, kinematically tracing the same mate- 
rial, except in the region where the NH3(6,6) emission is 
detected closer to Sgr A*, where it shows a clear line- 
broadening effect, absent from the HCN(4-3) profiles. 
This result indicates a probable infall of the material 
forming the CND towards the dynamical center through 
the eastern part of the ring-like structure. However, the 
material detected inside the CND by the NH3(6,6) is hot- 
ter and denser than the material forming the minispiral, 
an d both structures appea r to be unrelated, as indicated 
bv lHerrnstein fc Hoi (|2002f ) . At the same time, the detec- 
tion of an interaction between the southern streamer, as 
traced by NH3(3,3), and the CND indicates that the ma- 
terial forming the ring may be undergoing a compression 
process due to the material approaching the CND before 
the gas spirals inward towards the center. Therefore, the 
gas detected in the southeasternmost part of the CND 
may be pushed towards the northwest and heated in the 
process, explaining the lack of HCN detection. 

In addition, we have detected a correlation between the 
minispiral and the CND. Line- broadening has been de- 
tected in the spectra of the clumps that spatially coincide 
with the arcs of the minispiral. We have observed this 
phenomenon in the eastern, western and northern parts 
of the CND. The western arc of the minispiral and the 
inner western part of the CND seem to overlap. Also, we 
have observed that the eastern end of the extended bar of 
the minispiral spatially coincides, at least in projection, 
with the location of a clump characterized by a broad 
spectrum. A similar situation has been observed regard- 
ing the northern part of the CND and the northern arm 
of the minispiral, where line-broadening has also been 
found in the spectra of the clumps seemingly located at 
the very end of the northern arm. Furthermore, we have 
detected a gap in the northern region of the CND, which 
the northern arm of Sgr A West appears to be traversing. 

These results suggest that the CND and the minispiral 
may be physically related. Sgr A West could be gas 
which has been stripped from the CND. Alternatively, 
the spiral arms could be features infalling from beyond 
the CND. While more detailed kinematics are needed, 
we detect the influence of the minispiral on the western 
inner part, the northern part, and the eastern part of the 
CND, where we can see line-broadening in the vicinity of 
Sgr A West. 

Finally, we have observed that the inner edge of the 
CND seems more highly-excited than the outer part of 
the ring, as traced by the ratio of HCN(4-3)/HCN(l-0). 
Most probably the nuclear stellar cluster is responsible 
for the excitation of the inner side of the CND. 
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Fig. 1. — 25-pointing mosaic. The background image is HCN(l-O) from Christopher ct al. (2005). 
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Fig. 2. — HCN(4-3) integrated intensity map. The contour levels are in steps of 6<r, from 3 to 93<r, but for the highest contour level, at 
97ct (2.5 X 10 1 to 81.7 X 10 1 Jy beam" 1 km s" 1 ). Sgr A* is marked with a star. 
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Fig. 3. — HCN(4-3) integrated intensity map smoothed to a 15" resolution. The contour levels are in steps of 10<r, from 10 to 180<r, but 
the highest contour level, which is 194ct (2.7 X 10 1 to 5.2 X 10 3 Jy beam -1 km s _1 ). Sgr A* is marked with a star. 




Fig. 4.— 



HCN(4-3) spectra measured at the positions of the different clumps. 
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Fig. 5. — 6 cm continuum integrated intensity in contours (from Yuscf-Zadch & Morris (1987)). HCN(4-3) integrated intensity in false 
color-scale. Contour levels are in steps of 10% of the continuum emission peak, from 1 X 10 — 1 Jy beam - 1 to 9 X 10 -1 Jy beam -1 . The 
false color-scale is in Jy beam -1 km s — 1 . 



16 Montero-Castano, Herrnstein and Ho 



-30 -20 -10 10 




17 45 46 44 42 40 38 36 34 

RIGHT ASCENSION {J 20 00) 



Fig. 6. — HCN(4-3) integrated intensity in contours. HCN(l-O) integrated intensity in false color-scale from Christopher ct al. (2005). 
Contour levels are in steps of 6<r, from 3<r to 63cr, except for the highest contour level, at 70a (5.9 X 10 1 to 13.7 X 10 1 Jy beam -1 km s -1 ). 
The false-color scale is in Jy beam -1 km s . Sgr A* is seen in absorption in HCN(l-O). 
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Fig. 7. — HCN(4-3) spectra (black contours) overplotted to HCN(l-O) spectra (red contours) from Christopher ct al. (2005) at the 
locations of various clumps in figure [4] and Sgr A*(HCN(l-0) scaled up by a factor of 10 to fit on the plot). HCN(4-3) and HCN(l-O) 
convolved to the same resolution. 




Fig. 8. — Ratio of HCN(4-3) an d HCN(l-O) integrated intensity in color-scale. HCN(l-O) integrated intensity in contours. HCN(l-O) 
data from Christopher ct al. (2005). Emission contour levels (solid lines) are in steps of 3cr, from 3<j to 24<r, except for the highest contour 
level, at 26<r (1.5 Jy beam -1 km s — 1 to 13 Jy beam -1 km s -1 ). Absorption contour levels (dashed lines) are in steps of 10cr, from -10cr 
to -60cr (-5 Jy beam -1 km s — 1 to -30 Jy beam -1 km s — 1 ). 
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Fig. 9. — HCN(4-3) integrated intensity in contours. NH3(3,3) integrated intensity in false color-scale from McGarv ct al. (2001). The 
HCN(4-3) image has been smoothed to match the resolution of the NH3 image. Contour levels are are in steps of 10% of the intensity 
peak, from 1.8 X 10 2 to 16.2 X 10 2 Jy beam -1 km s — 1 . The false color-scale is in Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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Fig. 10. — HCN(4-3) integrated intensity in contours. NH3(6,6) integrated intensity in false color-scale from Herrnstein & Ho (2002). 
The HCN(4-3) image has been smoothed to match the resolution of the NH3 image. Contour levels are in steps of 10% of the intensity 
peak, from 1.8 X 10 2 to 16.2 X 10 2 Jy beam -1 km s — 1 . The false color-scale is in Jy beam -1 km s — 1 . Sgr A* is marked with a star. 




Fig. 11. — Ratio of HCN(4-3) and (1-0) in color-scale. NHa(6,6) integrated intensity in contours from [Herrnstcin fc Hoi (|2002T ). 
levels are in steps of 10% of the intensity peak, from 8 X 10 — 1 to 74 X 10 _1 Jy beam -1 km s . Sgr A* is marked with a star. 
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Fig. 12. — Ratio of HCN(4-3) and (1-0) in color-scale. NH3(3,3) integrated intensity in contours from M cGarv et all ^20011 1 . Contour 
levels are in steps of 10% of the intensity peak, from 8 X 10 — 1 to 74 X 10 — 1 Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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Fig. 13. — HCN(4-3) spectra (black contours) overplotted to NH3(3,3) spectra (red contours) from McGary et al. (2001) at the locations 
of various peaks. The NHa(3,3) data have been scaled up by a factor of 50 to fit on the plot. The false color-scale is in Jy beam -1 km s — 1 . 
Sgr A* is marked with a star. 




Fig. 14. — HCN(4-3) spectra (black contours) overplotted to NH3(6,6) spectra (red contours) from Hcrrnstcin & Ho (2002) at the 
locations of various peaks. The Nti3(6,6) data have been scaled up by a factor of 100 to fit on the plot. The false color-scale is in 
Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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Fig. 15. — CS(7-6) integrated intensity emission map. Contour levels are in steps of 6<r, from 3cr to 69a, except for the highest contour 
level, at 76(7 (l.Ox 10 1 to 25. 3x 10 1 Jy beam -1 km s _1 ). Sgr A* is marked with a star. 




Fig. 16. — CS(7-6) integrated intensity in contours. HCN(4-3) integrated intensity in false color-scale. Contour levels are as in figure [151 
The false color-scale is in Jy beam -1 km s -1 . Sgr A* is marked with a star. 




Fig. 17. — CS(7-6) spectra measured at the positions of the different clumps. The clumps have been named as in figure [4] (except clump 
FF) to facilitate the comparison between the two sets of spectra. Wherever the peak was not exactly at the same location the nearest peak 
has been used. 
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Fig. 18. — - Co mparison of the spectra at two locations in the southwest lobe in CS(7-6). Black contours represent the spectrum in clump 
N in figure 1171 while red contours represent the spectrum in a position 4.4" east and 0.8" south of clump N (location of clump N in 
HCN(4-3), figure g). 



28 



Montero-Castano, Herrnstein and Ho 




Velocity (km/s) 



Fig. 19. — Comparison of the spectra at the location of clump K in figure [TT] in the southwest lobe, in CS(7-6) and HCN(4-3). Black 
contours represent the spectrum at the location of clump K in CS(7-6), while red contours represent the spectrum in HCN(4-3). 




Fig. 20. — 6 cm continuum integrated intensity in contours (from (Yuscf-Zadch & Morris 1987)). CS(7-6) integrated intensity in false 
color-scale. Contour levels are as in figure[5] The false color-scale is in Jy beam -1 km s -1 . 




Fig. 21. — Ratio of CS(7-6) and HCN(4-3) integrated intensity. Sgr A* is marked with a star. 




Fig. 22. — 6 cm continuum integrated intensity in contours (from Yuscf-Zadch & Morris (198?)). Ratio of CS(7-6) and HCN(4-3) in 
color-scale. Contour levels are as in figure [5] 
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Fig. 23. — CS(7-6) integrated intensity in contours. NH3(3,3) integrated intensity in false color-scale from McGarv ct al. (2001). The 
CS(7-6) image has been smoothed to match the resolution of the NH3(3,3) image. Contour levels are in steps of 10% of the intensity peak, 
from 5.1x 10 to 45. 9x 10 1 Jy beam -1 km s _1 . The false color-scale is in Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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Fig. 24. — CS(7-6) integrated intensity in contours. NH3(6,6) integrated intensity in false color-scale from Hcrrnstein & Ho (2002). The 
CS(7-6) image has been smoothed to match the resolution of the NH3(6,6) image. Contour levels are in steps of 10% of the intensity peak, 
from 5. Ox 10 1 to 45. Ox 10 1 Jy beam -1 km s -1 . The false color-scale is in Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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Fig. 25. — Ratio of CS(7-6) and HCN(4-3) in color-scale. NH 3 (6,6) integrated intensity in contours from IHerrnstein fe Hoi !|2002fl . 
Contour levels are in steps of 10% of the intensity peak, from 8 X 10 -1 to 74 X 10 — 1 Jy beam -1 km s — 1 . Sgr A* is marked with a star. 
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TABLE 1 

Calculated masses for some of the detected peaks in HCN(4-3) marked in figure[4]in the Galactic center. 



Clump 


R 


Av 


Virial Mass 


Virial density 




(pc) 


(km s" 1 ) 


(10 3 M ) 


(10 7 cm" 3 ) 


A 


0.139 


38.5 


51.39 


9.3 


C 


0.087 


28.5 


17.63 


13.0 


E 


0.098 


55.0 


74.16 


38.1 


F 


0.092 


40.0 


36.85 


22.9 


H 


0.074 


21.5 


8.57 


10.2 


I 


0.103 


36.0 


33.31 


14.8 


K 


0.110 


29.0 


23.18 


8.4 


N 


0.253 


97.0 


594.88 


17.7 


Q 


0.161 


51.0 


104.90 


11.7 


u 


0.110 


47.0 


60.42 


22.2 


w 


0.112 


53.5 


7.44 


27.4 


X 


0.111 


36.5 


37.21 


13.0 


z 


0.146 


49.0 


87.64 


13.6 


AA 


0.145 


49.5 


89.02 


2.9 


BB 


0.088 


17.0 


6.35 


4.5 


CC 


0.126 


31.5 


31.40 


7.5 


EE 


0.083 


30.0 


6.25 


5.3 



TABLE 2 

Calculated masses for some of the detected peaks in CS(7-6) marked in figure [17] in the Galactic center. 



Clump 


R 


Av 


Virial Mass 


Virial density 




(PC) 


(km s — - 1 ) 


(103 M ) 


(10 7 cm" 3 ) 


A 


0.066 


23.5 


9.16 


15.1 


D 


0.113 


22.5 


14.32 


4.8 


E 


0.080 


31.0 


19.34 


17.9 


F 


0.093 


29.0 


19.51 


11.7 


I 


0.083 


30.0 


18.66 


15.8 


H 


0.064 


15.9 


4.09 


7.5 


K 


0.151 


20.6 


16.09 


2.2 


N 


0.183 


52.5 


126.05 


9.9 


Q 


0.090 


38.5 


33.51 


21.8 


U 


0.119 


33.5 


33.28 


9.6 


w 


0.076 


35.5 


24.17 


25.8 


z 


0.099 


20.0 


9.93 


4.9 


BB 


0.083 


14.5 


4.36 


3.7 


CC 


0.135 


21.5 


15.58 


3.1 


EE 


0.054 


19.8 


5.28 


16.2 


EE 


0.077 


22.5 


9.75 


10.3 



